The presence of ATP-dependent, polycationstimulated protein kinase activity in highly purified phytochrome preparations [Wong, Y.-S., Cheng, H.-C., Walsh, D. A. & Lagarias, J. C. (1986) J. Biol. Chem. 261, 12089-12097] has renewed the hypothesis that the phytochrome photoreceptor possesses enzymatic activity. A prerequisite for protein kinase function is the presence of an ATP binding site. Here we present evidence for a nucleoside triphosphate binding site(s) in the phytochrome molecule. Two ATP analogs, 5'-p-fluorosulfonylbenzoyladenosine and 8-azidoadenosine 5'-triphosphate, were used to affinity label purified Avena phytochrome. Labeling with both reagents is stimulated by the polycations poly(Lys75,Ala25) and histone H1. Coincubation with ATP inhibits the polycation-stimulated labeling of phytochrome. In similar experiments GTP, CTP, UTP, ADP, and pyrophosphate, but not adenosine or AMP, also prevent photoaffinity labeling of phytochrome.
The chromoprotein phytochrome plays a central role in plant photoperception throughout the entire life cycle (1, 2) . Owing to its unique ability to adopt two photointerconvertible forms, the red-absorbing Pr form and the far-red-absorbing Pfr form, phytochrome mediates adaptation to changes in the light environment at the cellular and organismal level. At the biochemical level, little is known of the signal-transduction pathway that is initiated by the formation of Pfr, the generally accepted physiologically active species of phytochrome. Since structural differences between the Pr and Pfr forms of phytochrome may indicate a functionally significant interaction with an as yet unidentified receptor molecule, the purified photoreceptor has been the object of extensive biochemical analyses (3) . During the course of one such study, we reported that purified Avena phytochrome preparations contain polycation-stimulated protein kinase activity (4) . These studies raised the possibility that this protein kinase activity represents a functional property of the phytochrome molecule (4, 5) . This hypothesis is further supported by the observations that phytochrome binds to Cibacron blue-agarose (6) and that the primary structure of phytochrome and the catalytic domains of known protein kinases have regions of sequence similarity (5, 7) .
The ATP analogs 5'-p-fluorosulfonylbenzoyladenosine (FSBA) (8, 9 ) and 8-azidoadenosine 5'-triphosphate (N3ATP) (10, 11) have been successfully used to probe nucleoside triphosphate binding sites of a wide variety of proteins, including protein kinases, ATPases, cytoskeletal proteins, and enzymes involved in polynucleotide synthesis and repair. In the present report, we show that the affinity reagent [14C]FSBA and the photoaffinity reagent [a-32P]N3ATP effectively label purified Avena phytochrome. Moreover, consistent with the hypothesis that phytochrome is a polycationstimulated protein kinase, we show that labeling of phytochrome with both reagents is enhanced in the presence of polycations. The specificity of affinity labeling was demonstrated by competition experiments with nucleoside triphosphates. These results provide evidence for the presence of a nucleoside triphosphate binding site(s) within the phytochrome photoreceptor.
MATERIALS AND METHODS
Affinity Labeling of Phytochrome with [14C]FSBA. Phytochrome was purified from 5-day-old etiolated oat seedlings (Avena sativa L. cv. Garry) according to published procedures (12) . Before affinity labeling, phytochrome preparations were exhaustively dialyzed at 50C into a 50 mM Epps/Tris buffer (pH 7.8) containing 1 mM EDTA and 25% (vol/vol) ethylene glycol. These preparations exhibited specific absorption ratios (i.e., the ratio of Aw to A280 for Pr) between 0.90 and 1.0. To initiate affinity labeling, a 5.0 mM stock solution of [14C]FSBA (48.9 mCi/mmol; New England Nuclear; 1 mCi = 37 MBq) in dimethyl sulfoxide was added to the phytochrome solutions (0.5-1.0 mg/ml) to give final concentrations of 0.5 mM and 0.2-0.5 mg/ml for FSBA and phytochrome, respectively. FSBA concentrations were determined using a molar absorption coefficient at 232 nm of 1.88 x 104 M-1.cm-1 (13) . When indicated, poly(Lys75, Ala25) [poly(Lys-HBr,Ala) 3:1, Sigma catalog no. P1151] was added as a 0.2 mg/ml stock solution in 20 mM Tris HCl (pH 7.8) to a final concentration of 40 jig/ml. When poly(Lys75,Ala25) was not present, the final volume was adjusted with 20 mM Tris HCI (pH 7.8). For competition experiments where MgATP was also added, its concentration was estimated spectrophotometrically by using a molar absorption coefficient at 259 nm of 1.5 x 104 M-1.cm-1 (14 M-1'cm-1 (15 (14) . Photolyses were performed at 00C in open Eppendorf microcentrifuge tubes. The light source (a General Electric mercury spot lamp equipped with a Corning CVX.DRL filter) was held at a distance of 15 cm from the sample, a condition that gave a fluence rate at surface of the sample of 173 uW/cm2 as determined with a calibrated thermopile (16) . After photolysis, the samples were diluted with an equal volume of NaDodSO4 sample buffer, heated for 1 min at 100'C, and analyzed by NaDod-SO4/PAGE and autoradiography. NaDodSO4/PAGE, Autoradiography, and Fluorography. NaDodSO4/PAGE was conducted in 0.8-mm slab gels composed of 3% stacking and 7.5% resolving gels with the Laemmli buffer system (17) . Gels with 32P-labeled phytochrome were stained with 0.05% (wt/vol) Coomassie blue R-250 in methanol/acetic acid/water ( (Fig. 1) . Addition of poly-(Lys75,Ala25) to the reaction mixture resulted in a 2-fold stimulation of radiolabel incorporation into phytochrome (Fig. 1) (Fig. 3) .
The presence of either poly(Lys75,Ala25) or histone H1 resulted in as much as a 50-fold increase in photoaffinity labeling of either Pr and Pfr (Fig. 3 (Fig. 4) . This protection afforded by ATP was concentration-dependent, with 5 mM ATP providing almost complete protection (Fig. 5) . The nucleoside triphosphates GTP, CTP, and UTP also inhibited polycation-stimulated photoaffinity labeling of phytochrome to varying degrees (Table 2 ). ADP proved less effective than the nucleoside triphosphates, whereas AMP and adenosine were ineffective as inhibitor of photoaffinity labeling of phytochrome (Table 2 ). Pyrophosphate was found to be a potent inhibitor of poly(Lys75,Ala25)-stimulated photoaffinity labeling of phytochrome with [a-32P]N3ATP.
DISCUSSION
In a previous study, we reported that purified phytochrome preparations contain polycation-stimulated ATP-dependent protein kinase activity (4) . This observation raised the intriguing possibility that phytochrome is a protein kinase. If so, it must necessarily bind ATP at a catalytic site(s). In this study, we have shown that covalent modification of phytochrome with two different ATP analogs, FSBA and N3-ATP, is strongly stimulated by the presence of polycations. Since the structure, charge, and reactive-group chemistry of FSBA and N3ATP are quite different, these results strongly suggest that polycations interact with phytochrome in a manner that exposes a nucleoside triphosphate binding site(s). The alternative possibilities that both reagents would become activated through direct interaction with polycations or that polycation-phytochrome interaction enhances nonspecific reactions with two very different ATP analogs are less likely.
ATP protection studies showed that the polycation-phytochrome interaction does not merely perturb the structure of Pfr + poly(Lys75 Ala25) 7 .94 All mixtures were irradiated for 5 min with UV light. Percent molar incorporations were determined following NaDodSO4/PAGE and scintillation spectrometry of excised phytochrome bands. Owing to the greater specificity of N3ATP, the properties of this reagent were investigated in greater detail. Our results that photoaffinity labeling with N3ATP was significantly prevented by nucleoside triphosphates and to a lesser degree by ADP, but not by AMP or adenosine, clearly show that such protection was not caused by UV light attenuation. These data also indicate that the phosphate anhydride moiety rather than the purine moiety appears to be the more important structural feature governing nucleotide-phytochrome interaction. The strong inhibitory effect of pyrophosphate on the N3ATP photoaffinity labeling of phytochrome supports this hypothesis. The The physiological significance of the observed affinity labeling of phytochrome with ATP analogs remains an important unanswered question. These results are nevertheless consistent with our earlier proposal that the phytochrome photoreceptor may be a polycation-stimulated protein kinase (4, 5) . Although phytochrome lacks the triad of glycine residues that is a characteristic structural feature of the nucleotide binding site of the mammalian protein kinase family (20) , two polypeptide sequences, GluLeu-Glu-Lys-Gln-Leu-Arg-Glu-Lys-Asn-Ile-Leu-Lys (residues 403-415) and Asp-Leu-Lys-Leu-Asp-Gly-Leu-Ala (residues 606-613), found on the type 3 Avena phytochrome subunit (7) are similar to peptide sequences found within the nucleotide binding sites of known protein kinases (5, 20 , and 55 kDa in size, whereas labeled 84-, 69-, and 55-kDa fragments were observed for samples digested as Pfr. In good agreement with previously reported results (12), these correspond to major polypeptide fragments in trypsin digests of Pr and Pfr. While the precise location and number of modifications remain to be determined, this labeling pattern indicates that (i) both chromophore and nonchromophore domains are modified by these ATP analogs, (ii) the proteasesensitive N-terminal 10-kDa region of Avena phytochrome is not a major site of affinity labeling, and (iii) phytochrome is the protein being modified by these reagents, since it is unlikely that a contaminating protein of similar molecular mass would give rise to light-dependent proteolytic digestion patterns.
In conclusion, the presence of a polycation-dependent nucleoside triphosphate binding site of phytochrome is consistent with the hypothesis that phytochrome is the polycation-stimulated protein kinase reported earlier. Nucleoside triphosphate binding is, however, insufficient evidence to conclude that phytochrome has protein kinase activity. Further work is needed to resolve the issue of whether the phenomenon of polycation-stimulated nucleoside triphosphate binding to phytochrome reflects the presence of a catalytically active ATP-phytochrome association.
